Introduction {#Sec1}
============

Precision atomic position measurement^[@CR1]--[@CR5]^ has gained momentum with the use of spatially modulated coherence effect induced by the laser field. Different fields of studies like atom nano-lithography^[@CR6]^, laser cooling and trapping of neutral atoms^[@CR7]^ and Bose-Einstein condensation^[@CR8]^ have been enriched by the versatile applications of atom localization. The pioneering works^[@CR2],[@CR3],[@CR9],[@CR10]^ on atom localization involving energy and phase shifts with spatial variation are followed by studies in one dimension^[@CR11]--[@CR18]^, which describe the fundamental aspects of measurement-induced localization of atoms through a variety of atom-field configurations. To be more specific, an interesting property of coherent population trapping (CPT) is exploited in the study of atom localization^[@CR14]^. The mechanism of electromagnetically induced transparency (EIT) is also taken into consideration in manipulating the localization pattern^[@CR11],[@CR18]^. As explored in refs. ^[@CR12],[@CR13]^, the phenomenon of phase coherence under closed-loop interaction scheme appears to be the main controlling unit in the process of atom localization. High-precision localization exhibited in refs. ^[@CR15],[@CR17]^ is attributed to the effect of dynamic phase modulation in the pump-probe resonance. The 1D-localization based works mainly highlight effective control and desired manipulation of the localization peaks in sub-wavelength, or sub-half-wavelength domain. The techniques of atom localization based on single standing-wave formation in the 1D cases have been extended to the study of 2D (3D) localization with the configuration of standing waves along the two (three) orthogonal directions^[@CR19]--[@CR33]^. Much attention has been paid in such earlier works on 2D localization with the spatial modulation of absorption and transparency of the weak probe field. Due to the impact of quantum coherence emerging out of the atom-field interactions in different types of atomic systems under the standing-wave regime, different localization structures with interesting spatial patterns in a plane have been reported.

In this article, we have studied the atom localization based on dynamic Stark effect in the absorptive response in a *V*-type atom driven by the spatially modulated microwave field. Similar low-frequency-induced control of coherence effects are reported to be of increasing demand in various schemes at molecular level^[@CR34]^, superconducting quantum circuits^[@CR35]^ and off-resonantly coupled quantum dot-cavity systems^[@CR36]^. In the present atom-field system, we have shown the coherent control of localization in both the 1D and 2D cases for different choices of parameters controlling the evolution of standing waves in the system. In the following, we present the salient features of our study. (I) Various 1D-localization patterns with eight- to single peak structures are achieved by suitable tuning of control parameters when a traveling wave is subjected to the system. It has been shown that the role of traveling wave is to produce a significant shift of the localization peaks. (II) The single-peak localization is found to be attainable with 100% detection probability of the atom within sub-half-wavelength range for a typical choice of values of Rabi frequencies of the traveling and standing waves. Single-peak localization in the sub-half-wavelength range is achieved without incorporating any phase shift. (III) Apart from Rabi frequencies, modifications in the appearance of localization peaks are shown to be possible by controlling the detuning parameters involved in the system. The Rabi-induced shifting and manipulation of localization peaks are prominently noticeable in the present work in comparison to the usual detuning-induced control of localization. (IV) Akin to the aims concerned with the 1D scheme, a study on 2D localization is presented. The cross-axis configuration with a third standing-wave field in the *z*-direction along with two standing-wave fields in the resonant condition shows uniqueness in achieving 100% probability of detection of the atom in the sub-wavelength regime when scanned by the detector along the *z*- axis, which has been shown as an equivalent technique in detecting atom under 3D-projection-based 2D-localization schemes in the *xy* plane. It requires proper positioning of the detector along the *z*-axis (Fig. [1](#Fig1){ref-type="fig"}), which is unique when compared to that reported in ref. ^[@CR25]^. Tolerance of parameter values, related to the cross-axis configuration, adds to the novelty of the proposed model. (V) For the parallel-axis configuration with two orthogonal non-resonant standing wave fields, we explore the specific parametric conditions for which the 2D localization characteristics shape in different localization structures and ensure 100% detection probability in the sub-half-wavelength region. Both ways of detection can be treated as fascinating knobs within the scope of the present work. Overall, the model presented in this work is suitable for potential application in high-precision optical lithography^[@CR24]^.Figure 1Schematic presentation of field configuration: $\documentclass[12pt]{minimal}
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Theoretical Formulation {#Sec2}
=======================

We consider an ideal three-level atom interacting with a microwave field of frequency $\documentclass[12pt]{minimal}
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                \begin{document}$$\hslash $$\end{document}$. Under the electric dipole approximation, the strength of coupling of the atom with the coherent field is denoted by the Rabi frequency$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=\frac{{\bar{\mu }}_{12}.[{\bar{E}}_{0x}\,{\sin }(kx+{\varphi }_{1})+{\bar{E}}_{0y}\,{\sin }(ky+{\varphi }_{2})+{\bar{E}}_{0z}\,{\sin }(kz+{\varphi }_{3})]}{2\hslash }$$\end{document}$$for the coherent field$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{E}(t)=\frac{[{\bar{E}}_{\mathrm{\varphi }x}\,{\sin }(kx+{\varphi }_{1})+{\bar{E}}_{0y}\,{\sin }(ky+{\varphi }_{2})+{\bar{E}}_{0z}\,{\sin }(kz+{\varphi }_{3})]}{2}{e}^{i\omega t}+c.\,c\mathrm{.}.$$\end{document}$$

Here, the atomic transition moment $\documentclass[12pt]{minimal}
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The dynamical behaviour of the system under consideration can be represented by the time evolution of the density-matrix operator$$\documentclass[12pt]{minimal}
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The set of equations dealing with the time derivative of the density matrix elements appear as:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\dot{\rho }}_{11}=iR(x,y,z){\rho }_{21}-iR{(x,y,z)}^{\ast }{\rho }_{12}-({\Lambda }_{1}+{\gamma }_{13}){\rho }_{11}+{\Lambda }_{1}{\rho }_{33}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\dot{\rho }}_{22}=iR{(x,y,z)}^{\ast }{\rho }_{12}-iR(x,y,z){\rho }_{21}-({\Lambda }_{2}+{\gamma }_{23}){\rho }_{22}+{\Lambda }_{2}{\rho }_{33}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\dot{\rho }}_{33}=({\Lambda }_{1}+{\gamma }_{13}){\rho }_{11}+({\Lambda }_{2}+{\gamma }_{23}){\rho }_{22}-({\Lambda }_{1}+{\Lambda }_{2}){\rho }_{33}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\dot{\rho }}_{21}=-\,({\Gamma }_{21}+i\Delta ){\rho }_{21}-iR{(x,y,z)}^{\ast }({\rho }_{22}-{\rho }_{11})$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\dot{\rho }}_{31}=-\,{\Gamma }_{31}{\rho }_{31}-iR{(x,y,z)}^{\ast }{\rho }_{32}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\dot{\rho }}_{32}=-\,({\Gamma }_{32}-i\Delta ){\rho }_{32}-iR(x,y,z){\rho }_{31}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\Gamma }_{21}=({\Lambda }_{1}+{\Lambda }_{2}+{\gamma }_{13}+{\gamma }_{23})/2$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\Gamma }_{31}={\Lambda }_{1}+({\Lambda }_{2}+{\gamma }_{13}\mathrm{)/2}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\Gamma }_{32}={\Lambda }_{2}+({\Lambda }_{1}+{\gamma }_{23}\mathrm{)/2}$$\end{document}$. In the present model, we have chosen $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\gamma }_{13}={\gamma }_{23}=\gamma $$\end{document}$.

In the present atomic system, we have considered the presence of a weak laser field that probes the coherence effect in its absorptive response for the atom being driven by a microwave field. We note that the absorption of the probe field is tunable over the transitions from $\documentclass[12pt]{minimal}
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                \begin{document}$$s$$\end{document}$ indicates the steady state of the system. In order to determine the two-time commutator functions, we first redefine the density-matrix elements in the set of Eqs. ([5](#Equ5){ref-type=""}--[10](#Equ10){ref-type=""}) in terms of atomic-transition operators, then solve the new set of equations in Laplace space to find the two-time correlation function by using quantum regression theorem^[@CR37]^. Finally, we obtain the average values of two-time commutators as required in expression ([11](#Equ11){ref-type=""}) to find the position dependent complex susceptibility $\documentclass[12pt]{minimal}
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                \begin{document}$$R(x,y,z)$$\end{document}$ of the fields are taken as position dependent. For 2D (1D) localization, spatial variation of the field components along the *z*− (*y*−, *z*−) direction(s) is usually not taken into account.

The steady-state values of populations are determined by the expressions given as follows$$\documentclass[12pt]{minimal}
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                \begin{document}$$f=2{\Gamma }_{21}|R(x,y,z{)|}^{2}/({\Gamma }_{21}^{2}+{\Delta }^{2})$$\end{document}$.

We must mention that, for the atom moving through the standing-wave fields, atom-field interaction energy is taken to be highly dominant over the kinetic energy of its centre-of-mass motion under the Raman-Nath approximation^[@CR18]^ i.e. the recoil of the atom during its passage through the standing-wave regime is neglected. Due to this reason the kinetic-energy term is not included in the Hamiltonian (expression ([1](#Equ1){ref-type=""})) and the probability corresponding to the centre-of-mass wave function $\documentclass[12pt]{minimal}
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                \begin{document}$${\psi }_{CM}$$\end{document}$ of the atom can be considered as stationary. Viability of such approximation is confirmed in the formation of atomic gratings at Raman-Nath diffraction regime^[@CR38],[@CR39]^.

By following the approach, as derived in the earlier work^[@CR40]^, the conditional position probability ($\documentclass[12pt]{minimal}
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*C*~0~ being the proportionality constant. Taking into account the Eq. ([12](#Equ12){ref-type=""}) the conditional position probability appears as$$\documentclass[12pt]{minimal}
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                \begin{document}$$F(x,y,z)$$\end{document}$, which, in turn, corresponds to the probe absorption spectrum, and thereby leads to position information of the atom under microscopic measurement of probe absorption.

For the study of 1D localization of the atom in the standing-wave regime formed along the *x*- direction, we consider the presence of a traveling wave with a standing wave, which needs to redefine the position-dependent Rabi frequency as$$\documentclass[12pt]{minimal}
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                \begin{document}$${R}_{0}$$\end{document}$ stands for the coherent mixing of two traveling waves as shown in Fig. [1](#Fig1){ref-type="fig"}. The standing-wave field $\documentclass[12pt]{minimal}
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                \begin{document}$${k}_{1}$$\end{document}$ being the propagation vector. Phase-shift introduced by the formation of standing wave component is denoted by $\documentclass[12pt]{minimal}
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                \begin{document}$${\varphi }_{1}$$\end{document}$.

To investigate 3D-projection-based 2D localization of the atom, we consider two distinct spatial field configurations with two standing-wave fields: (i) parallel-axis and (ii) cross-axis.

For the *parallel*-*axis configuration* with two *orthogonal* standing-wave fields the position dependent Rabi frequency for the study of 2D atom localization can be written as$$\documentclass[12pt]{minimal}
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                \begin{document}$$R(x,y)={R}_{0}+{R}_{1}\,{\sin }({k}_{1}x+{\varphi }_{1})+{R}_{2}\,{\sin }({k}_{2}\,y+{\varphi }_{2}).$$\end{document}$$

According to the spatial field arrangement with the *cross*-*axis configuration*, the actual standing-wave fields need not to be purely orthogonal. Only, the components of those fields along the *x*- and *y*- directions are to be considered. Thus, we have the choice to define the Rabi frequencies in the following form:$$\documentclass[12pt]{minimal}
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                \begin{document}$$R(x,y)={R}_{0}+{R}_{1}\,\sin ({k}_{1x}x+{\varphi }_{1})+{R}_{2}\,\sin ({k}_{2y}y+{\varphi }_{2})$$\end{document}$$
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                \begin{document}$${\theta }_{2}$$\end{document}$) being the respective angular separation of the wave-vector from the *x*- (*y*-) direction. For simplicity of notation, we replace the factor $\documentclass[12pt]{minimal}
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                \begin{document}$$R(x,y)={R}_{0}+{R}_{1}\,\sin ({\eta }_{1}{k}_{1}x+{\varphi }_{1})+{R}_{2}\,\sin ({\eta }_{2}{k}_{2}y+{\varphi }_{2})$$\end{document}$$

We must note that constant traveling-wave field $\documentclass[12pt]{minimal}
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                \begin{document}$$({R}_{0})$$\end{document}$ can be replaced by a standing wave field in a cross-axis (see the standing-wave field formation along $\documentclass[12pt]{minimal}
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                \begin{document}$$z$$\end{document}$-axis in Fig. [1](#Fig1){ref-type="fig"})-configuration. In accordance with the standing-wave representation in the expression ([20](#Equ20){ref-type=""}) it is here represented by $\documentclass[12pt]{minimal}
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                \begin{document}$${R}_{3}\,sin({\eta }_{3}{k}_{3}z+{\varphi }_{3})$$\end{document}$. Without loss of generality, keeping the objectives of the present study in view, the spatial phase, $\documentclass[12pt]{minimal}
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                \begin{document}$${\varphi }_{3}$$\end{document}$, is set to zero. It is worth noting that, for a particular value of the Rabi frequency $\documentclass[12pt]{minimal}
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                \begin{document}$${R}_{3}$$\end{document}$, we have to choose a typical value of $\documentclass[12pt]{minimal}
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                \begin{document}$${\eta }_{3}{k}_{3}z$$\end{document}$, so that the detector placed at a certain position along the *z*-axis can detect the spatially modulated probe beam in the *xy*-plane, when the beam is coming towards it after passing through the atomic ensemble under the interaction with the standing waves (see the detector (D) arrangement in Fig. [1](#Fig1){ref-type="fig"}). It is obvious that the use of $\documentclass[12pt]{minimal}
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                \begin{document}$${R}_{0}$$\end{document}$ is a pre-requisite, but quite optional for its formation in terms of coherent mixing of traveling-wave fields in the present study.

Momentum distribution function {#Sec3}
------------------------------

With the study of variation in position distribution of atoms, another important aspect is unveiled by observing correspoding change in the momentum distribution, which can be viewed as a natural consequence of Heisenberg uncertainty principle. Thus, one can ascertain the position information of an atom through the measurement on momentum distribution after interaction of the atom with the space-modulated field. As is well known, the occurrence of a peak in conditional position distribution of atoms results in the spreading of momentum distribution, which has been studied in a limited number of works^[@CR14],[@CR25]^ in the recent past. In this regard, we depict the momentum distribution of atoms in Fig. [2](#Fig2){ref-type="fig"} for each case of 1D and later for the two cases of 2D localization schemes, which are based on the corresponding position distributions. The following equations are respectively considered to compute the 1D and 2D momentum distribution functions$$\documentclass[12pt]{minimal}
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The integration is taken over a range of single wavelength of the standing wave in the *x*- and *y*- directions.

Results and Discussions {#Sec4}
=======================

In this section, we have presented spatially modulated absorption through the calculation of Filter function *F* (as given in Eq. ([13](#Equ13){ref-type=""})) for probe laser in the case of a three-level *V*-type atom using different standing-wave field arrangements. Measurement of the probe field absorption spectra also provides the position information of the atom interacting with the standing-wave fields for various values of the control parameters involved in the system. The peak position of the probe absorption occurs where the conditional position probability of atom becomes appreciable. Peak height of the probe absorption in one period of the standing-wave fields stands for the measure of localization probability, whereas peak width signifies the degree of precision of localization. The presentation of momentum distribution probability for the two extreme cases based on position information of atom is explained under the framework of position-momentum uncertainty. In our calculations, all the other parameters are scaled by the decay rate $\documentclass[12pt]{minimal}
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1D atom localization {#Sec5}
--------------------

To explore the influence of control parameters of the 1D localization characteristics the 1D Filter function $\documentclass[12pt]{minimal}
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Our effort is to tune the control parameters for achieving the maximum number of localization peaks in the localization profile and then to reduce the number of peaks one by one in the profile to finally have the single-peak localization profile. In the present scheme, the coherent and incoherent fields collectively induce dynamic Stark splitting in the energy levels of the atomic system. Thus for all possible transitions, eight maximum peaks are expected to occur. Here, it is to note that, in the absence of laser responsible for the traveling-wave field (i.e., for $\documentclass[12pt]{minimal}
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To further reduce the number of peaks we raise the intensity of traveling-wave field ($\documentclass[12pt]{minimal}
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As is mentioned earlier, the measurement on momentum distribution can assure the state of position localization of the atom after its interaction with the spatially modulated field. To comprehend the localization more clearly, we present the 1D momentum distribution $\documentclass[12pt]{minimal}
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                \begin{document}$$P({p}_{x})$$\end{document}$ for the parameters of Fig. [2](#Fig2){ref-type="fig"} (left panel) in Fig. [2](#Fig2){ref-type="fig"} (right panel). All the momentum-distribution graphs in Fig. [2](#Fig2){ref-type="fig"} exhibit a central peak with maximal amplitude accompanied by side peaks of gradually diminishing amplitudes. The momentum-distribution graphs of Fig. [2](#Fig2){ref-type="fig"} shows that the number of peaks, as well as peak width and relative height of the side peaks, decreases in the momentum profile of the atom whose position localization is of less precision. The narrowing in the Filter function of the localization of atoms is expected to result in the widening of momentum distribution. So these graphs are in agreement with the uncertainty relation. Further, the nature of momentum distribution implies that the recoil kinetic energy of the atom is limited by the field-dependent interaction energy of the atom in the standing wave regime ensuring the validity of Raman-Nath approximation in our chosen parameters' regime.

2D atom localization {#Sec6}
--------------------

Resonant case: Here, we have investigated the shape of the 2D Filter function $\documentclass[12pt]{minimal}
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                \begin{document}$$k$$\end{document}$. The above relations conform with the results derived from numerical simulations where the left-hand sides of the relations are 0.6 while the right-hand sides remain at the value of 0.5. It indicates that the greater is the precision for the position distribution of an atom, the lesser is the precision in the profile of its momentum distribution.

Conclusion {#Sec11}
==========

In summary, we have adopted spatially-modulated-coherence controlled optical absorption microscopy to explore the technique of getting 2D-localization pattern in terms of projection-based 3D atom localization in a three-level atomic system at the microwave domain. Based on dynamic Stark effect in the absorptive response in a *V*-type atom we have resorted to different field configurations using spatially modulated standing wave fields. Several interesting localization features both in the 1D and 2D cases emerge, which indicate a strong correlation among localization structures and parameters associated with spatial field configurations. So far as the standing wave field is concerned, two different counter-propagating configurations (parallel and cross) serve effectively for the control of space localization of atom in the standing-wave regime. Our 1D results on localization envisage that the proposed scheme provides a promising way to obtain different types of localization structures with a varying number of peaks in sub-wavelength and sub-half-wavelength domains and finally attain 100% detection probability of the atom in the sub-half-wavelength regime through the proper tuning of traveling-wave field. Based on the cross-axis (parallel-axis) configuration adopted for studying 2D localization, the maximal localization probability in a one-wavelength range is made plausible with the generation of a single localization peak in the sub-wavelength (sub-half-wavelength) regime. It is interesting to highlight that the introduction of the third standing wave field in cross-axis configurations along the *z*-axis can provide the scope of scanning the atom with the desired localization probability and precision by placing the detector at a particular position along the *z*- axis. The evolution of the single-peak localization structure is found to be a direct consequence of introducing the third standing-wave field. Further, the freedom of varying the tuning parameters of cross-axis configuration in ensuring 2D-localization features with maximum detection probability makes the model substantial and novel. Without any cavity-induced field arrangement, our proposals with striking features in different localization schemes may give an impetus to the experimentalists to perform possible experimentation on high-precision atom localization through the fabrication of the devices for optical nanolithography.
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